Since 1979, the Pearl River Delta (PRD) of China has experienced rapid socioeconomic development along with a fast expansion of construction area. Affected by both natural and human factors, a complex interdependency is found among the regional changes in construction area, GDP and population. A quantitative analysis of the four phases of the regional land use data extracted from remote sensing images and socioeconomic statistics spanning 1979 to 2009 demonstrates that the proportion of construction area in the PRD increased from 0.5% in 1979 to 10.8% in 2009, accompanied with a rapid loss of agricultural land. An increase of one million residents was associated with an increase of GDP of approximately 32 billion yuan before 2000 and approximately 162 billion yuan after 2000. Because the expansion of construction area has approached the limits of land resource in some cities of the PRD, a power function is found more suitable than a linear one in describing the relationship between GDP and construction area. Consequently, the Logistic model is shown to provide more accurate predictions of population growth than the Malthus model, particularly in some cities where a very large proportion of land resource has been urbanized, such as Shenzhen and Dongguan.
tions, urban land expansion exhibits characteristics of complex systems (Li et al., 2000; Portugali, 2000; Filatova et al., 2009; Bettencourt, 2013) .
Among the contributing factors, socioeconomic development plays a dominant role in urban land expansion (World Resources Institute, 1996; Henderson, 2003; Seto et al., 2011) . In most cases, urban land expansion is closely related to economic growth (Zhou 1982; Moomaw et al., 1996; Henderson, 2003; Tan et al., 2003; Bertinelli et al., 2004; Liu et al., 2005; Seto et al., 2011; Chen, 2011) . Nevertheless, this relationship differs from one place to another and in some regions urban land expansion is not always synchronized with economic growth. There are many cases in which construction area expansion continues while the regional economy stagnates or declines (Fay et al., 2000; Chang et al., 2006) . In addition, population growth and concentration have dual effects on construction area expansion. At a lower population density, increasing population can accelerate construction area expansion. When the population density increases to a certain degree, urban congestion and environmental degradation appear, leading to a negative effect on construction area expansion (Davis, 1966; Hance, 1970; Ottensmann, 1977; Oucho et al., 1993; Sato et al., 2005; Deng et al., 2008) . This complex feedback effect of construction area expansion on economic and population growth makes it difficult to predict the future of urban development (Hu, 2003; Sato et al., 2005; Cheng, 2007; Shen et al., 2007) .
Having been experiencing more than 30 years of rapid development, the Pearl River Delta (PRD) becomes one of the most developed regions in China. To understand the interrelationships among economic development, population growth and construction area expansion in the region will help to enhance our knowledge on the mechanisms and trends of the regional urban land expansion, and consequently provide a sample and reference for sustainable urban development in other regions.
The study area
The Pearl River Delta (PRD) is located in the central and southern Guangdong Province of China, including nine prefecture-level cities: Guangzhou, Shenzhen, Zhuhai, Dongguan, Foshan, Zhongshan, Jiangmen, Huizhou, and Zhaoqing ( Figure 1 ). The total area of the PRD is approximately 5.49×10 4 km 2 . With a subtropical monsoon climate and fertile soil, crops are harvested two or three times each year, making the PRD an important crop production base of China. The dominant crop in the region is rice, and the other major crops are sugar cane, peanuts, soybeans, bananas, oranges and lychees. Shortly after China's economic reform at the beginning of the 1980s, with an attempt to attract foreign investment and accelerate economic development, two special economic zones, Shenzhen and Zhuhai, adjacent to Hong Kong and close to Macao respectively, were established in the PRD. With preferential tax policies and other favorable policies, the economy of the two special zones has grown at a high speed over the last 30 years, stimulating the economic development of the entire PRD. As a result, the GDP in the PRD grew more than 70 times from 1979 to 2009, at an annual average growth rate of 15.36% (at comparable prices in 2000). Along with the economic growth, a large number of employment opportunities have been created, attracting a large migrant population into the PRD. There were more than 23 million migrants living in the PRD in 2009, accounting for more than 40% of the total resident population in the region. Most migrants are concentrated in Shenzhen, Guangzhou, Dongguan and Foshan. At the same time, the industrial structure in the PRD has undergone great changes. From 1979 to 2009, the proportion of the primary industry dropped to 2.3% from 26.8%, and the proportion of the tertiary industry increased from 27.6% to 49.8%, although the proportion of the secondary industry remained relatively stable, fluctuating between 45%-50%. Along with the rapid economic and population growth, land use in the PRD has undergone a tremendous change and the dominant form is the rapid expansion of construction area (Seto and Kaufmann 2003) .
Spatiotemporal expansion of construction area in the PRD

Data sources and preprocessing
To generate the time-series of land use data in the PRD, we selected Landsat images taken in an approximate 10-year interval from 1979. The earliest images taken in 1979 have a 57-m spatial resolution acquired with the Landsat Multispectral Scanner (MSS), while the other images taken in 1990, 1999 and 2009 have a 30-m spatial resolution acquired with the Landsat Thematic Mapper (TM) or Enhanced Thematic Mapper (ETM). The images in 1989 have a high degree of cloud cover and so they are replaced by the images in 1990. All images were downloaded from the U.S. Geological Survey (USGS) website (USGS 2012). The main reference for the classification of the remote sensing images is the China's national standard of "Current Land Use Classification" (General Administration of Quality Supervision 2007). In the classification, residential land, transportation land, warehouse land for mines, and land for public administration and public services are merged into construction land, forming the metric of urban area change in the PRD.
The images were interpreted in ENVI by a supervised classification method, in which the training samples were defined by a visual interpretation based on the pseudo-color display (RGB = 5, 4 and 3). To aid the visual interpretation, high-resolution images from Google Earth were used. In the selection of the training samples from the images taken in 1999 and 2009, we found many available Google Earth images, which are beneficial to improve the reliability of the samples. However, only a small number of Google Earth images are available in 1979 and 1990, and Commission and omission errors are inevitable in remote sensing classifications. To obtain the actual ROI (Region of Interest) in each land use classification, both field validation and visual interpretation based on Google Earth high-resolution images were conducted. A field survey was implemented in the representative sites of Guangzhou, Foshan, Zhongshan and Zhaoqing to verify the classification, in addition to the verification with Google Earth images that have a resolution of up to 1 m. Based on the ROIs of actual land use types and the classification results, the corresponding confusion matrixes were calculated in ENVI.
It is noticeable in Table 1 that the degree of commission errors in construction land is lower, but the degree of omission errors is higher. This is due to the difficulty in distinguishing the area of green belt. The green belt in construction land is very close to agriculture land and forestry in spectrum and prone to being classified as farmland or forestry by mistake. In the other parts of construction land, both commission and omission errors are much lower, and so the user accuracy of construction land in 2009 and 1999 reaches as high as about 93%. In 1990, the clouds in the images descend the user accuracy of construction land to 89%. Because of the concentration of construction land, the accuracy loss of construction land classification caused by the lower resolution of images in 1979 is smaller than that of other land use type, and the user accuracy of construction land still reaches 82% in 1979.
Spatiotemporal characteristics of construction area expansion
A detailed statistical analysis of the land use data in the four phases (1979, 1990, 1999 and 2009) As shown in Figures 3 and 4 , the areas and proportions of construction land vary significantly with time in different cities. In Shenzhen and Dongguan, the proportions of construction land were less than 1% before the economic reform. Since then, the areas of construction land in the two cities have expanded much more sharply than in the other cities, and the construction land proportions in both cities rose to more than 40% in 2009, much higher than in the other cities. In Guangzhou and Foshan, the areas and proportions of construction land were significantly higher than in the other cities in 1979, and the areas of their con- struction land were still the top two among the nine cities in 2009. However, the overall proportions of their construction land were significantly lower than in Shenzhen and Dongguan due to the relatively slower rates of construction land expansion and the imbalanced internal development in the two cities. For small cities in the PRD, typically Zhuhai and Zhongshan, their construction land areas were relatively smaller, while the proportions of their construction land were close to Guangzhou and Foshan. Because Jiangmen, Huizhou and Zhaoqing are located at the edge of the region, the areas of their construction land were approximately equivalent to those in Zhuhai and Zhongshan, and yet the proportions of their construction land were much smaller than in the other six cities.
It can also be noticed in Figures 3 and 4 that the rapid expansion of construction land in Shenzhen and Dongguan has changed the distributing pattern of construction land in the entire PRD region. In 1979, 57.33% of the construction land in the region was concentrated in Guangzhou and Foshan. In 2009, the proportions of the total construction land in the two cities fell to 37.78%, while the proportions of the total construction land in Shenzhen and Dongguan rose from 7.26% in 1979 to 30.90% in 2009.
Spatiotemporal characteristics of economic and population changes 3.1 Changes in GDP and resident population
The statistics on the GDP and resident population in the PRD mainly came from the statistical yearbook of each city and the Guangdong Province Statistical Yearbook. Before 1990, there was no resident population data for some cities, and so the household population data are used to approximate the resident population data. All of the GDP data are adjusted according to the comparable prices in 2000. Based on the comparable prices, GDP of the PRD has grown 71.73 times from 1979 to 2009, at an annual average rate of 15.36% ( Figure 5 ). The resident population in the same period has grown 1.96 times, at an annual average rate of 3.69% ( Figure 6 ). During 1979 to 2009, the annual GDP growth rate in the PRD remained predomi- nantly above 10%, with only a few exceptions, while the annual population growth rate in the region was relatively lower and varied in different stages. In the 1980s, the growth rate of resident population was approximately 2%. In the 1990s, driven by the rapid growth of resident population in Shenzhen and Dongguan, the annual growth rate of resident population in the entire region increased to 6-8%, and the total resident population nearly doubled within a decade. From 2000 to 2005, the annual growth rate of resident population decreased significantly except in Shenzhen, with the population growth rate in the whole PRD region falling below 2%. It was only after 2005 that the growth rate of resident population in the region began to recover gradually to over 4%.
The annual average growth rates of GDP and resident population in each city of the PRD have also varied significantly. Shenzhen and Dongguan have experienced the most rapid increases in the past three decades, while the annual growth rates of GDP and resident population in Guangzhou, Foshan, Zhuhai, and Zhongshan were close to the average growth rates of the whole region. In contrast, Jiangmen, Huizhou and Zhaoqing took significantly lower rates than the regional averages in both GDP and resident population.
Correlation between GDP and resident population
Economic development and population growth are related closely. Rapid economic development attracts migrants and the influx of migrants provides cheap labor for economic development, promoting economic prosperity in return (Yang 1995; Chen 2008) . The growth of GDP in relation to the increase of resident population in the PRD is shown in Figure 7 . It can be noticed that the relationship between GDP and resident population in the region is not a sim- Table 2 . It is noticeable from Table 2 that the linear relationships between construction area, GDP and resident population are both significant. The value of coefficient b 1 means that for 1 km 2 of the construction area expansion, the regional GDP increases by approximately 0.4761 billion yuan and the resident population increases by approximately 7600. These significant correlations between construction area, GDP and resident population are closely related to the constitution of construction land. According to the statistics, the shares of industrial land and residential land are the two highest in the construction land (Deng et al., 2008) . The expansion of industrial land, accompanying with expansion of industrial production scale and growth of industrial output, can promote significantly a city's growth in GDP. In the same tune, the growth of resident population generates a significant demand for residential land, stimulating the development of more residential land. 
Nonlinear relationships
Figure 8 is plotted with the data of construction area against GDP data in all nine cities of the PRD and it is clear that the plots are not evenly distributed along both sides of the linear regression curve. Figure 9 presents the regression relationship between construction area and resident population in all nine cities of the PRD and it can be noticed that the data points are relatively evenly distributed along both sides of the linear regression curve. To improve the accuracy of the relationships, several nonlinear regression models are examined and it is found that the value of R 2 of the power-function regression model between GDP and construction 
where y is the value of GDP (billion yuan) and x represents the construction area (km 2 ). In contrast, it can be noticed in Table 2 and Figure 9 that the application of a power-function regression model between the construction area and resident population cannot generate a significant improvement. Although the linear regression model remains suitable for illustrating the relationship, it is necessary to point out that the growth of resident population in the PRD is already subject to the constraints of land resource.
Land resource constraint on resident population growth
Limit of land resource
Land resource, the material foundation of human survival, provides an indispensable space for inhabitation, transportation and other human activities. Due to the rapid growth of population in the PRD, construction area expanded sharply and the limits of land resource have nearly been reached in some cities. Considering topographical constraints, land with slopes of 10% or less and elevations of 100 m or lower is regarded as flatland suitable for development (Ye et al., 2003) . We also examined the land use data obtained in this study and the DEM data downloaded from the USGS with the tool of Overlay Analysis in ArcGIS, and found that more than 98% of the construction land in the region is concentrated in the flatland. Subtracting water area and prime cropland preservation area from the flatland yields the limit of land resource suitable for development for each city in the PRD (Table 3) . It can be seen from Table 3 that there is still plenty of flatland suitable for development in the region overall, but more than a half of the flatland is concentrated in Jiangmen, Huizhou and Zhaoqing, where construction areas have been expanding relatively slowly. For the cities expanding at high speeds, such as Shenzhen and Dongguan, construction areas are approaching to the limits.
The distribution of the remaining flatland is also unbalanced in each city of the PRD (Figure 10) . Although large areas suitable for development remain in Guangzhou and Zhuhai, most of them are distributed far from the centers of the two cities. As shown in Figure 10 , Figure 9 Relationship between resident population and construction area in the Pearl River Delta the remaining flatland in Guangzhou is concentered in the northeast (Zengcheng District and Conghua District) and the south (Nansha District). In Zhuhai, the remaining flatland is mainly distributed in the west (Doumen District and Jinwan District). As a whole, the supply of new flatland for further development has been lowered down gradually in these cities. In the absence of sufficient suitable land, population density in these cities has gradually approached to saturation. To meet transportation, housing and other needs for urban life, the lowest per capita construction land needs to be approximately 140-200 m 2 , or 5000-7140 person﹒ km -2 in population density (Zhou et al., 2003) . According to this criterion, Shenzhen and Guangzhou are apparently already over-populated. It is interesting to note in Eq.
(1) that the increase of construction area takes a rate slower than the increase in GDP. Due to the limit of land resource and the associated expansion of construction area, land resource suitable for development becomes less and less, leading to the continuous rise of land price, more intensive development of land resource and a higher production per unit construction land. This trend can be clearly seen from the change in the GDP per unit construction land. As shown in Figure 11 , the GDP per unit construction land in most cities of the PRD has increased significantly since 1999, with Shenzhen and Guangzhou being the fastest.
Resident population change under land resource constraints
To examine the influence of land resource constraint on population growth in the PRD, both Malthus and Logistic models are applied to illustrate the dynamic change of resident population in each city of the PRD. The Malthus model assumes that population grows exponentially (Malthus, 1798) , so the following function is applied:
where t represents time, P 0 is the initial population at t=0, and r is an undetermined coefficient associated with the population growth in the concerned field. Equivalently, Eq. (2) can be transformed into the linear form with a logarithmic transformation:
By applying the least-squares regression method, parameters P 0 and r can be obtained from Eq. (3). Under the constraint of physical environment, typically land resource, population growth normally cannot sustain in the exponential form of Eq. (2) in the long term. To address this problem, the Logistic model has been proposed (Verhulst, 1838; Pearl et al., 1920) . In the initial stage, the growth of population in the Logistic model is approximately exponential; then as population approaches saturation, its growth slows down gradually and eventually remains almost unchangeable. As a whole, the Logistic model takes an "S"-shaped curve, with the equation of:
where K is a constant representing the upper limit of population growth; α and β are both undetermined parameters. By applying a logarithmic transformation, Eq. (4) can be converted into the following form:
With Eq. (5) and by assuming that K is known, α and β can be determined by using the Figure 11 Changes of GDP in unit construction land in each city of the Pearl River Delta least-squares regression method. The value of K can be determined by using an enumeration method: assigning different values to K, calculating the corresponding values of R 2 and giving the value that maximizes R 2 to K. Table 4 presents the results of the population changes for each city in the PRD during 1979-2009 predicted by both Malthus and Logistic models. According to the values of R 2 obtained by applying the two models to each city in the PRD, the fit of the Logistic model to the population data is better than the Malthus model except in Zhaoqing (Table 4) . Table 4 Population growth rates obtained from the Malthus and Logistic models in terms of Eqs. (2) and (4) In addition, it can be seen from Table 4 Malthus model, the population of Shenzhen will reach more than 60 million before 2020, which obviously exceeds the population carrying capacity of Shenzhen.
However, the difference between the predictions with both Logistic and Malthus models is very small prior to 2000. In fact, the two curves of population growth predicted with the two models for each city are essentially coincident before 2005 except for Shenzhen and Dongguan (Figure 12 ). In the early phase of population growth, the constraint of land resource on population growth is not significant, so the population growth is approximately exponential; as the population approaches the limit of land resource, the Logistic model yields a slower growth of population and the difference between the predictions from the models becomes larger and larger.
For cities subject to the severe constraint of land resource, the significant difference between the predictions from the two models arises earlier. For example, the difference between the predictions from the two models became larger and larger since 2003 in Shenzhen, while such a change in the difference arose later in Dongguan and Guangzhou. In other cities subject to the less server constraint of land resource, such as Zhuhai, Foshan and Zhongshan, the significant difference in the population predictions arose even later and was more inconspicuous. In cities with relatively abundant land resource, including Jiangmen, Huizhou and Zhaoqing, there was no significant difference between the population predictions from both Malthus and Logistic models.
6 Discussion and conclusions
Discussion
Since 1979, the PRD has undergone tremendous changes in economy, population and land use. A detailed analysis of the regional economic and demographic data from 1979 to 2009 reveals that the economic growth in the PRD is related to the growth of resident population in a complex form. Before 2000, an increase of one million resident population corresponded to an increase of approximately 32 billion yuan in GDP, whereas after 2000, the same increase in resident population corresponded to an increase of approximately 162 billion yuan in GDP.
By applying a linear regression method, it is found that the change in the regional construction area during 1979-2009 is linearly linked significantly with GDP and resident population in all nine cities of the PRD. According to these linear regressions, 1 km 2 of the construction area expansion can make the regional GDP increase by approximately 0.4761 billion yuan and the resident population grow by approximately 7600. However, the rapid expansion of construction area over the course of more than 30 years has approached the limits of land resource in some cities of the PRD and the constraint of land resource has made the linear relationships between construction land, GDP and resident population change into nonlinear forms.
In the early developmental stage of the PRD, land resource was abundant and it is found that the expansion of construction area contributes to economic growth in a linearly proportional form. When the limit of land resource was approached, the expansion of construction area took a slower pace, while the GDP per unit area of construction area increased still at a much faster speed. This made a power function more suitable than a linear one in illustrating the relationship between GDP and construction area.
In parallel with the change in GDP per unit area, population density in the PRD also increased under the constraint of land resource. However, the population density cannot grow indefinitely in consideration of the suitability of living. Hence, there is an upper limit of population growth for each city. In some cities where most of land resource has been urbanized, such as Shenzhen and Dongguan, their populations are close to their limits and their population growths have been slowing down. As a result, the Logistic model is able to provide more accurate predictions of population growth than the Malthus model in these cities.
Due to the unbalanced economic development, there are large differences in the pressures of land resource in the nine cities of the PRD, making the relationships between economy, population and construction land exhibit different characteristics in different cities. For the six cities in the central region of the PRD, including Guangzhou, Shenzhen, Dongguan, Foshan, Zhuhai and Zhongshan, the GDP per unit construction area increased significantly at the later stage. Consequently, the linear relationship between economy and the construction area has been gradually weakening. Under the constraint of land resource, the population growth in these cities has been gradually slowing down, making the Logistic model more suitable to predict the population growth in the region. In the eastern and western parts of the PRD, including Huizhou, Jiangmen and Zhaoqing, the economic growth is still depending on land resource and the linear relationship between economy and the construction land is maintained. Due to the small pressures of land resource in Huizhou, Jiangmen and Zhaoqing, the Malthus model is suitable for the population prediction of the three cities.
Conclusions
In this paper, a quantitative analysis on the four phases of the regional land use data extracted from remote sensing images and socioeconomic statistics spanning 1979 to 2009 is applied to reveal the spatiotemporal characteristics of construction area expansion in relation to economic-demographic development and land resource in the PRD. The results showed that: (1) From 1979 to 2009, the proportion of construction area in the PRD increased from 0.5% in 1979 to 10.8% in 2009, accompanied with a rapid loss of agricultural land. (2) According to the linear regressions, each km 2 of the construction area expansion can make the regional GDP increase by approximately 0.4761 billion yuan and the resident population grow by approximately 7600. (3) Constrained by the limits of land resource in some cities of the PRD, a power function is more suitable than a linear one in describing the relationship between GDP and construction area, while the Logistic model provides more accurate predictions of population growth than the Malthus model in some cities where a very large proportion of land resource has been urbanized, such as Shenzhen and Dongguan.
